Introduction
Obesity has reached epidemic proportions in the US and other developed and developing nations. Due to the numerous complications associated with obesity, obesity-related healthcare costs consume $147 billion annually, approximately 9% of total healthcare expenditures in the US (1) . It is of paramount importance to delineate the molecular mechanisms of body mass control to develop new approaches to preventing and treating obesity.
Leptin, an adipocyte-secreted cytokine, is a key regulator of energy homeostasis, acting in large part by modulating neuroendocrine pathways that suppress food intake (FI) and increase energy expenditure (EE). Leptin affects several hypothalamic nuclei, including the arcuate nucleus (ARC), the ventromedial hypothalamus (VMH), and the dorsomedial hypothalamus (DMH) as well as extrahypothalamic sites (2) . Deletion of the leptin receptor (Lepr) gene in all neurons leads to hyperphagia and severe obesity (3) . In contrast, deletion of Lepr in specific subsets of neurons, such as neuropeptide Y/agouti-related protein (NPY/AGRP) or proopiomelanocortin (POMC) ARC neurons, causes only mild obesity (3, 4) . Thus, although leptin action on ARC neurons contributes to the regulation of energy stores and thereby adiposity, other neurons must also be involved in the full effect of leptin on adiposity.
Several lines of evidence indicate that the VMH is another important site for leptin action and the regulation of FI and EE (5) .
Destruction of the VMH causes marked obesity (6, 7) . Leptin infusion into the VMH suppresses FI and stimulates the sympathetic nervous system (SNS) (8) (9) (10) . Lepr ablation in steroidogenic factor-1 (SF-1) neurons, the predominant type of neurons in the VMH, results in mild obesity (11, 12) , whereas Lepr deletion in POMC and SF-1 neurons together produces an additive increase in body weight that is still less than that in mice with whole-brain Lepr deficiency (12) . Taken together, these data suggest that SF-1 neurons play an important role in fat mass regulation by leptin.
Protein-tyrosine phosphatase 1B (PTP1B) is a ubiquitously expressed negative regulator of leptin receptor signaling and its subsequent effects on energy homeostasis (13, 14) . PTP1B expression is increased in muscle, fat, and hypothalamus of obese rodents and humans (15) (16) (17) (18) (19) (20) , consistent with a role in leptin resistance. Whole-body Ptpn1 (the gene encoding PTP1B) deletion in mice results in decreased body weight, leanness, and resistance to high fat diet-induced (HFD-induced) obesity (21) . Studies of compound mutant mice that lack Ptpn1 and leptin suggest that body mass regulation by PTP1B is mediated significantly, although not entirely, by its ability to negatively regulate central nervous system (CNS) LEPR signaling (22) . Consistent with this notion, brain-specific (Nestin-Cre) Ptpn1 -/mice show increased EE and enhanced leptin-evoked suppression of FI (23) . Furthermore, PTP1B dephosphorylates the LEPR-associated kinase JAK2, which mediates leptin-stimulated STAT3 phosphorylation. Accordingly, Ptpn1-deficient mice and cells show enhanced STAT3 phosphorylation in response to leptin stimulation (21, 24) . Notably, deletion of Ptpn1 selectively in POMC neurons leads to a small increase in leptin sensitivity and a minor Protein-tyrosine phosphatase 1B (PTP1B) regulates food intake (FI) and energy expenditure (EE) by inhibiting leptin signaling in the hypothalamus. In peripheral tissues, PTP1B regulates insulin signaling, but its effects on CNS insulin action are largely unknown. Mice harboring a whole-brain deletion of the gene encoding PTP1B (Ptpn1) are lean, leptinhypersensitive, and resistant to high fat diet-induced (HFD-induced) obesity. Arcuate proopiomelanocortin (POMC) neuronspecific deletion of Ptpn1 causes a similar, but much milder, phenotype, suggesting that PTP1B also acts in other neurons to regulate metabolism. Steroidogenic factor-1-expressing (SF-1-expressing) neurons in the ventromedial hypothalamus (VMH) play an important role in regulating body weight, FI, and EE. Surprisingly, Ptpn1 deletion in SF-1 neurons caused an age-dependent increase in adiposity in HFD-fed female mice. Although leptin sensitivity was increased and FI was reduced in these mice, they had impaired sympathetic output and decreased EE. Immunohistochemical analysis showed enhanced leptin and insulin signaling in VMH neurons from mice lacking PTP1B in SF-1 neurons. Thus, in the VMH, leptin negatively regulates FI, promoting weight loss, whereas insulin suppresses EE, leading to weight gain. Our results establish a novel role for PTP1B in regulating insulin action in the VMH and suggest that increased insulin responsiveness in SF-1 neurons can overcome leptin hypersensitivity and enhance adiposity.
Ventromedial hypothalamus-specific Ptpn1 deletion exacerbates diet-induced obesity in female mice these neurons causes hyperphagia and increased adiposity. These data suggest that, in VMH neurons, INSR signaling regulates FI and energy homeostasis (34) . Brain-specific (23) and POMC-specific (25) Ptpn1 -/mice have increased systemic insulin sensitivity. Similarly, rats with HFD-induced obesity (35) or with TNF-α-induced leptin or insulin resistance (36) treated with Ptpn1 antisense oligonucleotide administered in their CNS exhibit decreased adiposity, improved whole-body insulin sensitivity, ameliorated leptin resistance, and augmented insulin-induced anorexigenic responses (35, 36) . However, it is unclear which specific nucleus or nuclei are involved in these effects, as this treatment results in widespread downregulation of Ptpn1 in the hypothalamus. To determine whether PTP1B in the VMH regulates adiposity, and if so, which pathways are involved, we deleted Ptpn1 specifically in SF-1 neurons.
Results
VMH-specific PTP1B deletion. We first asked whether PTP1B could be detected in the VMH by means of immunofluorescence microscopy. Using anti-PTP1B antibodies, we detected specific immunostaining in the VMH, as well as in the lateral hypothalamus (LH), of WT mice. Staining was absent in the same regions decrease in adiposity (25) , suggesting that these neurons are responsible for some, but not all, of the effects of PTP1B on CNS leptin signaling and body fat mass.
PTP1B also is an important negative regulator of insulin receptor (INSR) signaling in peripheral tissues, where it dephosphorylates INSR and possibly downstream insulin receptor substrate (IRS) proteins (26) (27) (28) . Mice with whole-body deletion of Ptpn1 have increased systemic insulin sensitivity (27, 29) , even in the absence of altered adiposity (29) . Furthermore, liver-or muscle-specific deletion of Ptpn1 increases INSR and IRS tyrosine phosphorylation, enhances whole-body insulin sensitivity, and improves glucose homeostasis without altering adiposity in mice on chow or HFDs (30, 31) . Conversely, transgenic overexpression of PTP1B in muscle causes insulin resistance in mice (32) , and restoring PTP1B expression in livers of whole-body Ptpn1 -/mice reduces their enhanced insulin sensitivity (33) .
Mice with SF-1 neuron-specific INSR deficiency are protected against HFD-induced obesity and leptin resistance (34) . Thus, insulin action in SF-1 neurons is also important for regulation of adiposity. Furthermore, deletion of the lipid phosphatase phosphate and tensin homolog (PTEN), a negative regulator of insulin action, in onto chow or HFDs. On chow, Sf1-Ptpn1 -/mice and controls had similar body weight (Supplemental Figure 3 ) and FI (data not shown). In contrast, on HFD, female Sf1-Ptpn1 -/mice gained more weight than controls, beginning at 15 to 16 weeks of age ( Figure  2A ). The increase in body weight was due entirely to increased adiposity ( Figure 2B ). Increased body weight and adiposity were not seen in male Sf1-Ptpn1 -/mice ( Figure 2, A and B) .
The Sf-1 gene is expressed in the adrenal, pituitary, and gonads in addition to the VMH, and altered signaling in these glands could contribute to changes in adiposity. Altered gonadal function is unlikely to account for greater adiposity in Sf1-Ptpn1 -/mice, as serum estradiol and testosterone levels were similar to those in controls of both sexes (Supplemental Figure 4 , A and B). We also assessed reproductive function by mating male or female Sf1-Ptpn1 -/mice with Ptpn1 flox/flox mice. No differences in fecundity were observed when either parent was a Sf1-Ptpn1 -/mouse (Supplemental Figure 4 , C and D). Likewise, basal and stress-induced corticosterone levels were indistinguishable in control and Sf1-Ptpn1 -/mice (Supplemental Figure 4 , E and F, respectively), indicating preserved adrenal function. Thyroid function, assessed by in global Ptpn1 -/mice, demonstrating that the antibodies were specific for PTP1B (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI68585DS1). We also generated Sf1-Ptpn1 -/mice expressing tdTomato protein specifically in SF-1 neurons by crossing Ptpn1 flox/flox lsl-td-Tomato and Sf1-Cre mice (12) . Sf1-Cre Ptpn1 flox/+ lsl-tdTomato mice were used to confirm the specificity of Sf1-Cre expression in the VMH. Supplemental Figure 2 shows that PTP1B is present in VMH neurons of Sf1-Cre Ptpn1 flox/+ lsl-tdTomato mice and colocalizes with tdTomato, which is visualized when Sf1-Cre removes the stop codon.
In contrast, and as expected, PTP1B was selectively absent in tdTomato-positive neurons in the VMH of Sf1-Cre Ptpn1 flox/flox lsl-tdTomato, while in LH neurons from the same mice, PTP1B expression was normal, and tdTomato was not expressed ( Figure  1 ). These data demonstrate that, as shown for other floxed alleles (12, 34, (37) (38) (39) , Sf1-Cre drives selective deletion of Ptpn1 in SF-1 neurons of the VMH.
Female Sf1-Ptpn1 -/mice on HFD develop greater obesity than controls. Next, we generated cohorts of Sf1-Ptpn1 -/mice and littermate controls (Ptpn1 +/+ , Ptpn1 flox/flox , and Sf1-Cre Ptpn1 +/+ ) weaned Consistent with the feed efficiency data, both were reduced in Sf1-Ptpn1 -/mice compared with controls ( Figure 4 ). In addition, spontaneous locomotor activity was reduced by approximately 75% in Sf1-Ptpn1 -/mice ( Figure 5 , A and B). A similar decrease (~80%) was observed in Sf1-Ptpn1 -/mice that were weight matched with controls ( Figure 5C ). Thus, the lower EE in Sf1-Ptpn1 -/mice could be due, at least in part, to decreased spontaneous locomotor activity. Sf1-Ptpn1 -/mice had a lower core body temperature (CBT) at room temperature (RT) and a larger nocturnal decrease in CBT compared with control mice ( Figure 6A ). Upon chronic cold exposure, CBT of Sf1-Ptpn1 -/mice was comparable to that of controls. However, maintenance of CBT following acute (4 hours) cold exposure (4°C) was markedly impaired in Sf1-Ptpn1 -/mice before it ultimately stabilized ( Figure 6B ). Sf1-Ptp1b -/mice also ate less ( Figure 6C ) and lost more weight ( Figure 6D ) during cold exposure.
Taken together, these data suggest an impaired sympathetic response to cold exposure in Sf1-Ptp1b -/mice. Therefore, we analyzed genes critical for thermoregulation in brown adipose tissue (BAT). When mice were maintained at RT, uncoupling protein 1 total serum T4 levels, also was normal in Sf1-Ptpn1 -/female mice on HFD (Supplemental Figure 4G ). These data indicate that the observed adiposity phenotype in these mice is highly likely to be due to the absence of PTP1B in SF-1 neurons.
Obesity is often caused by increased FI. We measured 24-hour FI in female control and Sf1-Ptpn1 -/mice prior to (16 weeks) and after (24 weeks) body weight divergence and at a more advanced age (35 weeks) . Surprisingly, before the body weight divergence, Sf1-Ptpn1 -/mice ate less than controls ( Figure 2C ). Once Sf1-Ptpn1 -/mice became obese, their absolute FI (g/mouse per day) was not different compared with that of control mice. However, when FI was normalized to body weight, Sf1-Ptpn1 -/mice at all ages ate less than controls. Thus, the increased obesity of Sf1-Ptpn1 -/mice on HFD cannot be explained by increased FI.
Sf1-Ptpn1 -/mice have decreased EE. The increased body mass/ adiposity in the presence of decreased FI in Sf1-Ptpn1 -/mice suggested that their energy balance was altered. We measured feed efficiency (increase in body weight/FI) for 7 weeks during the period in which body weight diverged. Indeed, feed efficiency was higher in female Sf1-Ptpn1 -/mice ( Figure 3 ), which likely explains, at least in part, their increased weight gain on HFD. To confirm these results, we also measured feed efficiency during fasting/refeeding in a separate set of control and Sf1-Ptpn1 -/mice before and after body weight divergence. For these experiments, mice were fasted for 24 hours, and then FI and body weight were measured over a 24-hour refeeding period. Again, feed efficiency was increased in Sf1-Ptpn1 -/mice compared with controls prior to (Supplemental Figure 5A ) and after (Supplemental Figure 5B ) body weight divergence.
These findings suggested that the enhanced obesity in Sf1-Ptpn1 -/mice was due to decreased EE. To test this possibility directly, we used indirect calorimetry to measure VO 2 and EE. the VMH of Sf1-Ptpn1 -/mice likely explains their reduced FI. Yet despite their obesity and hyperleptinemia, which is often associated with leptin resistance in the setting of obesity, Sf1-Ptpn1 -/mice are hypersensitive to the effects of leptin on FI and body fat accumulation ( Figure 7 , C and E). This finding makes their increased obesity even more unexpected. Sf1-Ptpn1 -/female mice exhibit insulin hypersensitivity in VMH. In addition to leptin-responsive neurons, the VMH has neurons that express INSR, and recent work indicates that INSR signaling in these neurons suppresses EE (34) . Because PTP1B negatively regulates the INSR in multiple peripheral tissues, we hypothesized that the decreased EE and increased body mass in Sf1-Ptpn1 -/mice might reflect an augmented insulin response in these VMH neurons.
To test this possibility, we injected insulin or vehicle (artificial cerebrospinal fluid [aCSF]) directly into the VMH of control and Sf1-Ptpn1 -/mice. As expected, control aCSF injections did not induce phosphorylation of AKT or FOXO1 in VMH neurons (data not shown). In contrast, following injection of a low dose of insulin, AKT and FOXO1 phosphorylation were increased in the VMH of Sf1-Ptpn1 -/-, but not control, mice (Figure 8 , A-C). As expected, the contralateral (uninjected) VMH showed no increase in insulin signaling ( Figure 8, A and B) . Sf1-Insr -/mice have increased EE (34); hence, enhanced insulin signaling in the VMH of Sf1-Ptpn1 -/mice could explain their reduced EE and obesity.
In contrast to the increased insulin sensitivity in the VMH, systemic insulin responsiveness was modestly decreased in Sf1-Ptpn1 -/mice on HFD. Glucose and insulin levels were elevated 5 hours after food removal (Supplemental Table 1 ). Furthermore, although glucose tolerance was similar between SF-1-Ptpn1 -/and control mice, insulin secretion in response to the same glucose load was higher in Sf1-Ptpn1 -/mice when compared with controls ( Supplemental Figure 7) . These results indicate mild total body insulin resistance in Sf1-Ptpn1 -/mice, consistent with their increased adiposity.
(Ucp1) mRNA levels were lower in BAT of Sf1-Ptpn1 -/mice compared with controls. Following acute cold exposure, however, Ucp1 mRNA ( Figure 6E ) and protein ( Figure 6F ) levels in BAT increased to levels similar to those in Sf1-Ptpn1 -/and control mice. Ucp2, Ucp3, and Pgc1α expression levels were indistinguishable in WT and Sf1-Ptpn1 -/mice maintained at RT or subjected to cold (Supplemental Figure  6 , A-C). Serum norepinephrine levels, an indicator of SNS activity, were lower in Sf1-Ptpn1 -/mice at RT compared with controls, but these increased to equivalent levels in both genotypes upon cold exposure ( Figure 6G ). Thus, our data indicate that sympathetic tone is impaired in Sf1-Ptpn1 -/mice at baseline but not in response to cold.
Sf1-Ptpn1 -/mice on HFD have increased leptin sensitivity. Typically, obesity is accompanied by leptin resistance and hyperleptinemia (40) . Indeed, serum leptin levels ( Figure 7A ) and leptin mRNA in perigonadal white adipose tissue (WAT) ( Figure 7B ) were elevated in obese female Sf1-Ptpn1 -/mice compared with controls. However, leptin sensitivity tests using a submaximal leptin dose (1.5 mg/kg i.p. twice daily for 3 days) revealed enhanced suppression of FI in Sf1-Ptpn1 -/mice ( Figure 7C ). Similar results were obtained when mice were given a lower dose of leptin (0.75 mg/kg i.p. twice daily) over 3 days (data not shown). In addition, at a dose of leptin that failed to produce a change in O 2 consumption in control mice, O 2 consumption was increased in Sf1-Ptpn1 -/mice ( Figure 7D ).
We sought to determine the leptin signaling steps that were affected by absence of PTP1B in SF-1 neurons. PTP1B is a key negative regulator of leptin-induced STAT3 phosphorylation (24) . Accordingly, there was a 3.5-fold increase in the number of pSTAT3positive neurons in the VMH of Sf1-Ptpn1 -/mice ( Figure 7E ). This increase is likely to result from the combined effects of PTP1B deficiency in VMH neurons and increased circulating leptin levels in these mice. Despite the increased leptin levels, we did not observe an increase in pSTAT3-positive neurons in the ARC of Sf1-Ptpn1 -/mice. Therefore, the increased STAT3 activation in Effects of estrogen on energy homeostasis in Sf1-Ptpn1 -/female mice. Estrogen signaling in the VMH of female mice contributes to control of energy balance through changes in EE and SNS activity (38) . Nearly 50% of estrogen receptor α-positive (ERαpositive) neurons in the VMH coexpress SF-1, whereas approximately 12% of SF-1 neurons express ERα (38, 41) . To test whether altered estrogen signaling might play a role in the apparent sexual dimorphism in Sf1-Ptpn1 -/mice on HFD, we implanted subcutaneous estradiol-17β pellets into male mice on HFD. Estrogen treatment caused a significant reduction in body weight (Supplemental Figure 8A ) and feed efficiency (Supplemental Figure 8B ) without altering FI (data not shown) in controls and Sf1-Ptpn1 -/male mice. In contrast, depleting estrogen by ovariectomy ( Figure 9A ) caused marked weight gain in controls, but not in Sf1-Ptpn1 -/female mice ( Figure 9B ). These effects could not be explained by differences in ERα or ERβ expression in ARC, paraventricular nuclei (PVN), or DMH/VMH ( Supplemental Figure 9 ). Furthermore, the failure of ovariectomy to enhance the effects of PTP1B deficiency suggests that PTP1B and estrogen act in the same pathway in SF-1 neurons to regulate adiposity in older female mice.
Discussion
PTP1B is a critical negative regulator of leptin action in the brain and of insulin signaling in peripheral tissues (13, 14) . Ptpn1 inhibition and/or deletion in the brain enhances leptin signaling and thus improves energy balance and glucose homeostasis (21, 23, 25, 27, 29) . Ptpn1 deletion in muscle and liver enhances insulin action in these tissues and also increases systemic insulin sensitivity systemically (30, 31) , whereas PTP1B overexpression has the opposite effects (15-20, 32, 33) . INSRs and LEPRs are coexpressed in several hypothalamic nuclei, including the VMH (42) . Several studies have shown that insulin administration in the CNS can modulate FI (43) (44) (45) (46) (47) and that VMH-specific Insr deletion causes weight loss in mice (34) . Hence, elucidating the role of PTP1B in VMH regulation of energy balance is of interest. In the current study, we found that female mice lacking Ptpn1 in SF-1 neurons are, unexpectedly, more obese on a HFD compared with control mice, despite having enhanced leptin sensitivity. SF-1 is expressed in the adrenals, gonads, and pituitary as well as in the hypothalamus. However, the adiposity phenotype of Sf1-Ptpn1 -/mice clearly results from the absence of Ptpn1 in SF-1 neurons, as evidenced by unaltered glucocorticoid levels basally and in response to stress, normal thyroxine levels, and normal reproductive function in these mice. Although whole-brain Ptpn1 deficiency causes leanness (23) and Sf1-Ptpn1 -/mice have leptin hypersensitivity with reduced FI (Figure 6 ), Sf1-Ptpn1 -/mice on HFD are more obese as a consequence of decreased EE. Leptin and insulin signaling in the VMH are increased in Sf1-Ptpn1 -/mice, and the effects of estrogen on body weight are also impaired. Overall, our results demonstrate a role for PTP1B in modulating insulin signaling in the CNS. Moreover, our data suggest that the effects of Ptpn1 deficiency on insulin action in the VMH override those of increased leptin signaling. Likewise, the effects of PTP1B deficiency on EE dominate over the decreased FI, ultimately leading to enhanced obesity.
The decreased FI in Sf1-Ptpn1 -/mice can be explained in at least 2 ways. Sf1-Ptpn1 -/mice show evidence of enhanced leptin signaling in the VMH: at ambient leptin levels, the number of pSTAT3-positive neurons is increased relative to controls. The fact that leptin action on VMH neurons regulates FI is well documented (48, 49) ; hence, increased leptin sensitivity in these neurons probably contributes to the markedly reduced FI in Sf1-Ptpn1 -/mice. Moreover, leptin levels are increased in Sf1-Ptpn1 -/mice, especially as their body weight begins to diverge from that of controls. Leptin mRNA levels in WAT are also augmented, expression in BAT, consistent with decreased sympathetic tone. Increased insulin sensitivity in the VMH might explain these effects, as microinjection of insulin into the VMH suppresses the firing rate of sympathetic neurons (50) . The energy utilization defect in Sf1-Ptpn1 -/mice differs dramatically from the effects of Ptpn1 deficiency in whole brain, in POMC neurons, and in all leptin receptor-expressing neurons (23, 25, 51) . Whereas one might expect leanness to result from the increased leptin sensitivity in Sf1-Ptpn1 -/mice, instead, their phenotype is unexpectedly similar to the effects of SF-1 neuron-specific Lepr deletion (11, 12) . In contrast, the obesity and decreased EE phenotype in Sf1-Ptpn1 -/mice is consistent with several models in which genes encoding components of the insulin-signaling pathway have been deleted in SF-1 neurons. For example, deletion of Insr or Foxo1 in SF-1 neurons results in leanness (34, 52) . Conversely, deletion of Pten, another negative regulator of insulin signaling, results in obesity (34) , similar to the effects of SF-1 deletion of Ptpn1. However, the leptin and insulin-signaling pathways share several components, which can result in unanticipated complexities and/or crosstalk. For example, deletion of the gene encoding the p110α catalytic subunit of PI3K also results in obesity (53) . In addition, SF-1-specific Insr deletion protects against diet-induced leptin resistance (34) . Notably, VMH-specific deletion of Socs-3, another wellknown inhibitor of leptin and insulin signaling, did not result in a change in body weight (39) . Thus, it is likely that Ptpn1 deletion in SF-1 neurons increases both leptin and insulin signaling, but these effects compete with each other (e.g., decreased FI vs. decreased EE, respectively). Apparently, over time, suppressed EE prevails over decreased FI, resulting in obesity. Notably, altered body fat occurs earlier in Sf1-Insr -/or Sf1-Foxo1 -/mice than in our model. However, INSR and FOXO1 mediate insulin signaling, whereas PTP1B is a modulator of this pathway, likely yielding less pronounced changes in EE and a more delayed (15) (16) weeks) onset of enhanced adiposity (34, 54) .
A subset of SF-1-positive neurons in the VMH express ERs (42) . These neurons could play a role in the control of FI and EE because they communicate directly with LEPR-and INSR-positive VMH neurons (5, 48, 55, 56) and estrogen deficiency causes weight gain. We observed an apparent sexual dimorphism in weight gain with VMH-specific deletion of Ptpn1. The effects of PTP1B deficiency on adiposity in female mice cannot be explained by altered ERα or ERβ levels (Supplemental Figure 9 ). In addition, ovariectomy did not enhance the weight gain seen in Sf1-Ptpn1 -/mice on HFD (Figure 9 ), indicating that lack of estrogen and PTP1B are not additive and, therefore, estrogen and PTP1B likely act in the same pathway to control body weight.
In conclusion, in Sf1-expressing VMH neurons, as in ARC POMC neurons, PTP1B is a critical negative regulator of the INSR and LEPR pathways. In ARC POMC neurons, INSR and LEPR indicating that elevated circulating leptin reflects increased synthesis/secretion rather than impaired clearance. Previously, we found that neuronal Ptpn1 -/mice (generated using Nestin-Cre) have increased circulating leptin levels, even though their body weight and fat mass are decreased (23) . Our finding that leptin levels are increased in Sf1-Ptpn1 -/mice suggests that Ptpn1 deficiency in VMH neurons could contribute to the hyperleptinemia seen in neuronal Ptpn1 -/mice. However, we cannot exclude the possibility that in Sf1-Ptpn1 -/mice, the increased leptin levels simply reflect their increased adiposity. Indeed, serum leptin levels correlated strongly with increased fat mass in these animals (data not shown). Overall, the increased leptin levels in Sf1-Ptpn1 -/mice in the setting of enhanced leptin responsiveness of SF-1 neurons in the VMH likely accounts for the observed reduction in FI.
Despite their augmented leptin sensitivity/signaling and reduced FI, Sf1-Ptpn1 -/mice develop increased adiposity on HFD compared with controls. Our data show clearly that decreased EE underlies this difference: feed efficiency is increased and O 2 consumption is decreased. Reduced EE, in turn, is due, at least in part, to decreased locomotor activity. However, Sf1-Ptpn1 -/mice also have decreased CBT, serum norepinephrine levels, and UCP1 Ptpn1 flox/flox males were bred to Ptpn1 flox/flox females. Body weight was monitored weekly in all animals, and FI was measured on individually housed animals when indicated.
Body composition. Body fat was assessed by MRI, using an EchoMRI (Echo Medical System). Percentage of body fat was expressed as grams of fat/body weight (in grams).
Blood tests. Fed or fasted (12-hour overnight) mice were bled between 8 and 10 am. Serum was separated from blood by centrifugation and assayed for insulin and leptin (Crystal Chem). Blood glucose was assessed with a One Touch Ultra Glucometer (Lifescan Inc). T4 and T3 (Coat-A-Count, Siemens),and estradiol and corticosterone levels were quantified by radioimmunoassay (MP Biochemicals Immunochem Double Ab I 125 RIA). Serum testosterone (Testosterone ELISA; MP Biochemicals) and norepinephrine levels (ALPCO Diagnostics, Norepinephrine Research ELISA) were determined by ELISA. All assays were performed per the manufacturer's instructions.
Corticosterone stress test. Corticosterone levels were measured at baseline and in response to the stress of temporary restraint. Beginning 2 weeks prior to the experiment, animals were handled regularly each day for a 10-to 15-minute period between 8 am and 10 am in order to acclimate them to handling. At 8 am on the day of the experiment, 50 to 75 μl of serum was collected (t = 0) to assess basal corticosterone. Immediately thereafter, each animal was placed in a restraint tube (Medium Mouse Holder; Kent Scientific Corp.). Serum was collected after 30 minutes of restraint (t = 30 minutes), after which mice were removed from restraint and returned to their home cage. Serum was collected again at 90 minutes (t = 90 minutes) to assess recovery from stress.
Intraventromedial hypothalamus injection. Mice were anesthetized with ketamine (100 mg/kg i.p.) and xylazine (10 mg/kg i.p.). Scalp fur was shaved and prepared using povidone-iodine USP (Medline) and alcohol 70% prep pads (Dynarex), and mice were placed into a stereotaxic device (Kopf Instruments) with lambda and bregma oriented at the same vertical coordinate. A small midline incision was made over the dorsal scalp to provide access to the cranium, and the cranial surface was cleaned by swabbing with acetone and the allowed to dry. Coordinates for cannula placement to target the signaling have the same downstream metabolic consequences. In contrast, in the VMH, leptin negatively regulates FI, promoting weight loss, whereas insulin suppresses EE, leading to weight gain. Ptpn1 deletion in VMH SF-1 neurons causes increased leptin sensitivity and reduced FI, but a concomitant, greater increase in body weight and adiposity in female mice on HFD than in controls. The increased weight gain in this model is likely explained by increased INSR signaling in these neurons, which reduces sympathetic tone and spontaneous locomotor activity. Over time, the effects of SF-1 Ptpn1 deletion on insulin action appear to overcome the effects on leptin action, resulting in obesity. These data provide insight into the integration of different signaling pathways in specific types of hypothalamic neurons involved in the regulation of energy balance.
Methods
Animal care. Mice were housed at RT (22-24°C) with a 14-hour light/10-hour dark cycle (lights on at 6 am) and were fed standard chow (Teklad Rodent Diet no. 5053; 5% kcal from fat; 3.1 kcal/g) or a HFD (Research Diet D12492i; 60% kcal from fat; 5.24 kcal/g). Food and water were provided ad libitum.
Generation of mice with SF-1-specific Ptpn1 deletion. To delete Ptpn1, the gene encoding PTP1B, specifically in SF-1 neurons, mice expressing Cre recombinase under control of the Sf1 promoter (12) ( a gift from Bradford Lowell, Division of Endocrinology, Diabetes and Metabolism, Beth Israel Deaconess Medical Center-Harvard Medical School) were crossed with mice bearing a floxed Ptpn1 allele (Ptpn1 flox/flox ), which we generated previously (23), yielding Sf1-Cre Ptpn1 flox/+ mice. These mice were subsequently crossed to generate all relevant genotypes: Ptpn1 +/+ (WT), Ptpn1 flox/flox (flox control), Sf1-Cre Ptpn1 +/+ (Cre control), and Sf1-Cre Ptpn1 flox/flox (Sf1-Ptpn1 -/-). Two initial cohorts were obtained in this manner and were placed on chow or HFD for phenotypic characterization. Control genotypes (WT, Flox control, Cre control) were indistinguishable in body weight, adiposity, and FI. Consequently, subsequent litters were generated via a simplified breeding scheme in which Sf1-Cre Twelve-week-old female Sf1-Ptpn1 -/mice (n = 7) and Ptpn1 flox/flox (n = 5) controls were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) and subjected to bilateral ovariectomy (n = 7) or sham surgery (n = 5), respectively. Postoperatively, mice were maintained on HFD, and body weight and FI were recorded for 66 days, at which time serum estradiol-17β levels were assessed.
Statistics. Data are presented as the mean ± SEM. Differences between 2 groups were determined using 2-tailed unpaired or paired Student's t tests, as appropriate. Comparisons of multiple groups were performed using ANOVA, followed by a post-hoc analysis by Fisher's LSD test. ANCOVA test was used to compare linear regressions of feed efficiency and EE data (54) . For all statistical analyses, a P value of less than 0.05 was considered significant.
Study approval. All procedures involving mice were approved by the Institutional Animal Care and Use Committee at Beth Israel Deaconess Medical Center.
